Abstract Capillary electrophoresis (CE) has been the principle system for nucleic acid analysis since the early 1990s due to its inherent advantages such as fast analysis time, high resolution and efficiency, minimal sample requirement, high detection sensitivity, and automation. In the past few decades, microbial community fingerprinting methods such as terminal restriction fragment length polymorphism and single-stranded conformation polymorphism (SSCP) have migrated to CE to utilize its advantages over conventional slab gel electrophoresis. Recently, a gel-based direct rRNA fingerprint method was demonstrated. Different from other existing microbial community characterization approaches, this novel approach is polymerase chain reaction free and capable of providing information on the relative abundance of rRNA from individual phylotypes in low-diversity samples. As a gel-based method, it has a long analysis time and relatively large reagent and sample requirements. Here, we addressed these limitations by transferring the RNA fingerprint approach to the CE platform. Analysis time significantly improved from 24 h to 60 min, and the use of a fluorescently labeled hybridization probe as the detection strategy decreased the sample requirement by ten-fold. The combination of fast analysis time, low sample requirement, and sensitive fluorescence detection makes CE-RNA-SSCP an appealing new approach for characterizing low-diversity microbial communities.
Introduction
Microorganisms play critical roles in the major biogeochemical cycles on Earth. As such, it is important to understand the types of organisms present in a particular ecosystem, the role they play in the functioning of that system, and to estimate the effects that human activities are exerting on the microbial diversity and dynamics [1] .
Microbiologists have focused on bacterial ribosomes, specifically the small subunit of the ribosome 16S ribosomal RNA (rRNA), for the study of microbial diversity and dynamics in the environment [2] [3] [4] . The 16S rRNA is used as a marker of microbial activity because ribosome per cell ratio is approximately proportional to the growth rate of bacteria [5] and together with its role as a taxonomic marker molecule, it can also be used to identify the functioning members of microbial communities. One of the microbial fingerprinting methods is single-stranded conformation polymorphism (SSCP). SSCP is based on the principle that for nucleic acid fragments of equal lengths, variation in nucleotide sequence can affect nucleic acid folding and fragments of the similar size can be separated due to differences in electrophoretic mobility.
Capillary electrophoresis (CE) has proven to be an ideal platform for SSCP analysis due to its inherent advantages such as high resolution and efficiency, fast analysis time, minimal sample requirement, and high detection sensitivity. CE-SSCP has been successfully applied in clinical mutation diagnostic tests [6] [7] [8] [9] [10] , pathogen detection [11] , and microbial community characterization based on 16S rRNA gene sequences [12] [13] [14] [15] . CE-SSCP that specifically based on 16S rRNA has also been used for the study of the dynamics and activity of bacterial population in cheese production [16] and insects' gut [17] . Interestingly, despite being based on 16S rRNA, the rRNA was subjected to reverse transcription into cDNA and subsequent polymerase chain reaction (PCR) amplification prior to SSCP analysis. The dependence on the PCR to amplify cDNA introduces bias resulting in the information pertaining to the evenness (the relative amount of each) of the microbial community being lost due to exponential amplification biases [18] .
Recently, Gutierrez-Zamora et al. [19] demonstrated a novel PCR-free gel-based direct RNA fingerprinting method capable of analyzing shifts in microbial community composition with small RNA fragments (330 nucleotides in length) directly derived from 16S rRNA using a sequence-specific cleavage (SSC) reaction. Here, we aimed to extend the capability of the direct RNA fingerprint method by transferring the work of Gutierrez-Zamora et al. to the capillary platform.
One of the main issues in transferring the gel-based method to the CE platform in this instance is the issue of detection. Laser-induced fluorescence (LIF) is by far the most commonly used CE detection strategy for nucleic acid separations. This is often achieved by staining RNA with intercalating nucleic acid dyes such as ethidium bromide [20] or proprietary dyes such as the SYBR® series of dyes [21] [22] [23] . However, intercalating dyes are known to alter the physical properties of nucleic acids [9, 10] altering the nucleic acids' mass-to-charge ratio and hydrodynamic radius [12] and therefore mobility in sieving matrix. Therefore whether this type of dye is suitable for CE-SSCP is debatable. If a PCR step is included, this problem is easily overcome using fluorescently labeled primers to add label to the resulting DNA PCR product. However, we wished to avoid PCR.
In this work, we present a novel CE-RNA-SSCP method using a fluorescently labeled hybridization probe detection strategy to transfer the previously developed gel-based rRNA fingerprinting method [19] onto a CE platform. First, the effects of analysis parameters including sieving matrix, denaturants, field strength, and temperature on SSCP separation were investigated and optimized. The developed approach was then applied to monitor the metabolic activity of binary mixtures of microbial species. Combining the direct analysis of rRNA together with rapid CE separation makes this approach suitable for time-course studies to reveal the metabolic activities of community members.
Materials and methods

Materials and reagents
All chemical reagents were either molecular biology tested or of analytical reagent grade obtained from Sigma-Aldrich (Sydney, Australia) unless stated otherwise. Background electrolytes and solutions were prepared in diethyl pyrocarbonatetreated Milli-Q water (Millipore, Bedford, MA, USA). The sieving polymer used in this study was synthesized in-house (described in "Synthesis of polydimethylacrylamide") and the commercial DNA-SSCP sieving polymer, POP-CAP™, was obtained from Life Technologies (CA, USA).
Bacterial strains and culture conditions
Three microbial strains Escherichia coli B, Chromobacterium violaceum CV026, and Pseudomonas aeruginosa PAO-1 were used in this study as a model microbial community as in the study developing direct RNA fingerprinting [19] .
To prepare total RNA from individual bacterial strains, cultures were grown individually in Luria-Bertani (LB) medium (1 % NaCl) at 37°C with shaking at 150 rpm and were harvested during the exponential phase. In quantitative evaluation and repeatability studies, OD 600 nm measurements of individual strains were performed at the exponential phase to estimate cell numbers and combined in different proportions as indicated before being harvested for total RNA extraction.
Total RNA extraction Total RNA extractions were carried out with the RNeasy total RNA extraction kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. All RNA samples were eluted in RNase-free water and quantified on a Nanodrop 8000 (Thermo Fisher Scientific, MA, USA). Total RNA was used directly for cleavage reaction without further 16S purification described in a previous work [19] .
Sequence-specific cleavage reaction All buffers and solutions for the cleavage reaction were prepared in molecular biology-grade nuclease-free water (Qiagen, Hilden, Germany). The protocol for the SSC of rRNA fragments was based on a published method by Uyeno et al. [22] with modifications. The scissor probe used in this study is the EUB342 (5′ ACT GCT GCC TCC CGT AGG 3′), which is the complementary sequence to position 341-358 (E. coli) 16S rRNA gene. Probe EUB342 targets up to 86 % of the bacterial sequences deposited in the ribosomal database project (RDP) database. Cleavage by RNase H resulted in rRNA fragments of 340 and 1,180 nucleotides (Fig. 1) .
Briefly, for a 100-μL reaction, an aliquot of RNA suspension (containing 2 μg total RNA) was incubated at 70°C for 5 min and chilled on ice. The RNA suspension was then mixed with 5 μL of hybridization buffer (375 mM Tris (tris (hydroxymethyl)aminomethane)-HCl (pH 7.5), 15 mM ethylenediaminetetraacetic acid (EDTA), 375 mM NaCl), 15 μL deionized formamide and 2 μL of 100 μM scissor probe (EUB342). An appropriate amount of nuclease-free water was added to bring the mixture volume to 75 μL. The mixture was subsequently heated at 95°C for 1 min then maintained at 50°C. The cleavage reaction was initiated by the addition of 25 μL of pre-heated (50°C) enzyme solution (25 mM Tris HCl, 40 mM MgCl 2 , 25 mM NaCl, 4 mM dithiothreitol, 120 μg/mL of bovine serum albumin, 0.02 U/ μL of RNase H) and was then incubated at 50°C for 60 min. To terminate the reaction, 50 μL of stop solution (0.9 M sodium acetate (pH 7.0) and 30 mM EDTA) was added to the reaction mixture. RNA was precipitated by addition of 380 μL of chilled ethanol and centrifugation at 14,000 rpm for 30 min at 4°C. The pellet was dissolved in nuclease free water and subjected to further analysis. The RNA concentration was effectively doubled through the precipitation step.
Synthesis of polydimethylacrylamide
The sieving polymer used in this study, polydimethylacrylamide (PDMA), was synthesized through free radical bulk polymerization. Briefly, 10 g distilled n,n-dimethylacrylamide (99 %), 87 mL of Milli-Q water, 3 mL of chain transfer agent, propan-2-ol, and 30 mg α,α′-azodiisobutyramidinedihydrochloride (V-50) were added to a 100-mL roundbottom flask equipped with a magnetic stir bar. The reactor was sealed with a rubber septum and the mixture was degassed under argon for at least 20 min. Polymerization was achieved by heating the mixture to 60°C under constant stirring overnight. PDMA was isolated by dialysis (dialysis cellulose membranes 12,400 Da MWCO) against Milli-Q water for 48 h and recovered by lyophilization.
Characterization of PDMA PDMA molar mass was determined by size exclusion chromatography using a mobile phase consisting of 100 mM NaNO 3 and 200 ppm NaN 3 . Polymer sample was analyzed at a concentration of 10 mg/mL after filtration through a 0.45-μm pore size membrane. The flow rate was 0.8 mL/ min and separation was performed at 35°C with two Waters Ultrahydrogel Linear columns connected in series (Milford, MA, USA). A differential refractive index detector (Viscotek VE RI Detector) was used and data were collected by Omnisec software. Weight-average molar mass (Mw) was derived from a calibration curve based on polyethylene oxide standards from Polymer Standard Service (Mainz, Germany). The weight-average molar mass of PDMA used throughout this study is 450 kDa.
Hybridization probe
The conserved region of the 16S rRNA gene (E. coli position 7-27) was used for designing the fluorescent hybridization probe. Hybridization probe (27R-Flc, 5′ CTGAGCCAKGATCAAACTCT 3′) has the reverse sequence of universal primer 27F, whereby 27F probe has up to 87 % coverage of the bacterial sequences deposited in the RDP database. The 3′-end of the probe was labeled with fluorescein and was custom synthesized by Sigma Aldrich (Castle Hill, Australia).
CE-rRNA-SSCP
Conformational analysis of rRNA fragments was performed using a P/ACE MDQ Capillary Electrophoresis System instrument (Beckman-Coulter, CA, USA) equipped with 488 nm laser. Experiments were conducted using a single fused-silica capillary of 50 μm, i.d., obtained from Polymicro Technologies (Phoenix, AZ, USA) with a total length of 60.5 cm (effective length to the detector, 50 cm). Prior to use, the new capillary was preconditioned with 1 M NaOH for 5 min, water for 5 min and then filled with coating/sieving matrix in background electrolyte using a pressure of 85 psi for 10 min. Separation of the rRNA fragments generated after the cleavage reaction was accomplished using 5 % (w/w) PDMA, 5 M urea (Promega, Madison, WI, USA) in 44.5 mM TAPS (N-(tris(hydroxymethyl)methyl)-3-aminopropanesulfonic acid), 44.5 mM Tris, and 1 mM EDTA at pH 8.5. Each analysis began with flushing the capillary with sieving matrix for 5 min, followed by a pre-injection plug of 100 mM Tris-HCl (pH 7.5) for 10 s at 15 psi. The sample was electrokinetically injected at reversed polarity 10 kV (165 V/cm) for 100 s and separated at reversed polarity 15 kV (250 V/cm). rRNA fragments were detected by LIF with a fluorescently labeled hybridization probe. CE-LIF data were collected and analyzed using the 32 Karat software version 8 provided with the CE instrument.
Samples were prepared by combining 2 μL of the cleaved rRNA sample, 1 μL of fluorescently labeled hybridization probe (1 μM 27R-Flc in Tris-HCl EDTA, pH 8.0) and 17 μL deionized formamide. To account for shifts in migration time, 0.15 μL internal standard ET400R (E x 488 nm/E m 610 nm; GE HealthCare, Little Chalfont, UK) was incorporated with each sample and monitored with a second PMT to account for migration time shift between analyses.
Validation of CE-rRNA-SSCP
To demonstrate the use of CE-rRNA-SSCP for analysis of mixed microbial cultures, an experiment was conducted using binary cultures of E. coli and P. aeruginosa.
Overnight cultures of E. coli and P. aeruginosa grown in LB medium were washed and pelleted with sterile minimal salt medium (M9) to remove all carbon sources. The washed cells were inoculated into no-glucose control and glucose pulse treatment flasks each containing 100 mL sterile M9 supplemented with 10 mM lactose and incubated at 37°C with shaking at 150 rpm. In the starting inoculum, E. coli cell number was approximately 10 7 /mL, tenfold less than P. aeruginosa (10 8 cells/mL). In the glucose pulse treatment flask, sterile glucose was added at 130 min into the culture to reach a final concentration of 20 mM glucose. Sampling occurred at 60 min intervals for cell enumeration and total RNA extraction (from 2 mL). E. coli and P. aeruginosa cells were monitored by plate count method using blue white screening to differentiate E. coli (blue) from P. aeruginosa (white) colonies after overnight incubation at 37°C. LB media agar plates contained 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (40 mg/L) and isopropyl thiogalactoside (1.2 μg/L). The amount of RNA for respective phylotype at each time point was estimated by correlating the ratio of respective signal intensity derived from rRNA-SSCP to the total RNA as measured by the Nanodrop 8000.
Results and discussion
RNA detection-fluorescently labeled hybridization probe Our preliminary efforts on optimizing separation conditions with an intercalating dye suggested that this labeling strategy is not suitable (data not shown). We found that detection sensitivity and resolution efficiency were sensitive to the dye concentration used, which is in agreement with previously published results [24] . Goldsmith et al. [25] have recently described direct analysis of rRNA by CE-LIF through the use of a fluorescent hybridization probe-a small oligonucleotide covalently attached to a fluorophore. Labeling rRNA fragments with a fluorescently labeled hybridization probe provides several advantages over the conventional intercalating dye staining. Firstly, the hybridization procedure is relatively straight forward compared with standardizing a photosensitive intercalating dye in sieving matrices. Secondly, having one fluorescent probe per rRNA fragment emulates the labeling strategy of ssDNA in DNA-SSCP studies [6, 7] . This not only results accurate quantification of rRNA, which is impossible with intercalating dyes but also eliminates the possibility of alteration of the physical properties of single-strand rRNA by dye complexation [9, 10, 26] . Third, specific labeling by hybridization probe enables the use of different detection wavelengths for internal standard alignment and provides the potential for multiplexing with different probes. However, the detection of rRNA fragments depends on the sequence coverage rate of the hybridization probe. 27R-Flc, as mentioned, was based on the reversed sequence of 27F which binds to 87 % of the sequences in the RDP database. Recent studies [27, 28] have shown that it is possible to further the coverage rate of standard 27F with incorporation of degenerate nucleotides in the probe sequence. Any system that detects bacterial 16S rRNA sequences is dependent on the stringency of the match between the primer or probe and the target sequence. "Universal" probes generally match with 80-90 % of known 16S rRNA gene sequences but it is acknowledged that they are not truly universal [29] .
Using the fluorescence hybridization probe, we observed that signal profiles from model microbial species were distinctly different from each other (Fig. 1) and similar observations were made on other microbial species studied (data not shown). Multiplet peak profiles were observed for P. aeruginosa and E. coli. We believe the multiplet profile could be the result of the sequence variation in the V1 and V2 regions of the 16S rRNA leading to different conformations. This may be due to a phenomenon called RNA multiplicity (or heterogeneity) in bacteria, whereby a single genome contains multiple copies of the rRNA genes [30] . These different rRNA gene copies can differ by two or three base pairs which may result in several different conformers producing a multiplet peak profile. Another explanation for this phenomenon is the presence of conformational isomers of the same molecule under partial denaturing conditions observed in earlier studies [19, 31] .
Optimization of SSCP condition
Resolution in SSCP is influenced by several key parameters including sieving polymer matrix, urea concentration, analysis temperature, and field strength. These were examined here in a univariate manner to determine the best conditions for rRNA-SSCP.
Sieving polymer
There are many polymers that have been used for DNA separations. PDMA was chosen for this work as it has excellent sieving and self-coating capabilities in combination with low viscosity that allows easy filling of the capillary between analyses. A sieving matrix consists of 5 % (w/ w) PDMA in background electrolyte (BGE) of 44.5 mM TAPS, 44.5 mM TRIS, and 1 mM EDTA (pH 8.5) in an uncoated capillary was used as a starting point to investigate the rRNA-SSCP electrophoretic conditions as a similar system has previously been found to be suitable for high resolution DNA analysis in CE [32] [33] [34] . We found this BGE system was also suitable for RNA separation [35] and highly reproducible rRNA-SSCP separations were successfully carried out in both native and denaturing conditions. Interestingly, we found the common BGE consisting of TRIS, boric acid EDTA and glycerol often used for DNA-SSCP demonstrated no benefit for rRNA-SSCP (data not shown).
The concentration of PDMA was tested over the range of 3 to 7 % (w/w). A concentration of 5 % (w/w) was chosen to be the optimal concentration as this provided the greatest separation while still having a low enough viscosity to allow easy replacement of sieving matrix with the internal pressure system between runs. The commercial DNA-SSCP polymer, POP-CAP™ was also tested, but we found no significant improvement in performance at 5 % (w/w) concentration. Additionally, the molecular weight of POP-CAP is higher than the in house synthesized PDMA and as such its higher viscosity proved problematic during filling with the Beckman MDQ system. This system is not equipped with a dedicated high pressure syringe injector like those found in the ABI Genetic Analyzer systems which are more commonly used for DNA-SSCP.
Urea concentration
The use of urea in both rRNA and DNA-SSCP has shown to be beneficial for resolution as it reduces the number of possible conformers formed from the nucleic acid strands [19, 31, 36, 37] . To investigate the influence of urea in CErRNA-SSCP, we performed analysis under native and denaturing conditions with 1, 3, 5, and 8 mol/L urea. Figure 2a illustrates the effect of urea concentration on the RNA separation. As anticipated, the migration times of the RNA increased as the urea concentration increased, which agrees with published literature [38] . In addition, we also observed an improvement in resolution with increasing urea concentration, with co-migration of the model microbial community rRNA fragments gradually decreasing with increasing urea concentration. At 5 mol/L urea, we observed distinct multiplet peak profile consisting of characteristic peaks for P. aeruginosa, C. violaceum, and E. coli signals (Fig. 2) .
At 8 mol/L urea, no signal from the cleaved rRNA fragments was detected suggesting that these conditions caused the rRNA hybridization probe to de-hybridized from the rRNA fragments. The optimal urea concentration for CE-rRNA-SSCP was 5 mol/L.
Analysis temperature and field strength
The above results demonstrated that urea significantly altered the RNA electrophoretic mobilities and enhanced the separation resolution. These effects are to some extent affected by temperature. Temperature is one of the key parameters in SSCP as conformation of a given fragment of single-stranded nucleic acid is highly sensitive to temperature [36, 39] . While it is impractical to carry out analysis at 4°C (electrophoresis condition in Gutierrez-Zamora et al. [19] ), temperatures of 18, 25, and 35°C were selected to examine the influence of temperature on CE-rRNA-SSCP analysis (Fig. 2b, c) .
Analysis temperature is particularly crucial when the analysis is performed with denaturant as in this study. We observed the synergistic effect of both denaturant and high temperature (analysis temperature and joule heating within the capillary) that increased the tendency of the hybridization probe to dehybridize from rRNA fragments (T m 062°C) eventually leading to no signal detection (Fig. 2b, c) . Together with the denaturing condition of 5 mol/L urea, the resolution was found to be optimal at 18°C (Fig. 2c) , and this was in good agreement with the CE-DNA-SSCP literature [7] .
Next, we anticipated low field strength to increase CErRNA-SSCP resolution. Interestingly, low field strength (160 V/cm) only prolonged the migration time of the rRNA fragments and did not provide any significant improvement in resolution when compared with separations performed at higher field strengths (200, 250, 300, 350, and 500 V/cm). As expected resolution deteriorated when field strengths were higher than 300 V/cm, and thus we chose a field strength of 250 V/cm (15 kV) along with other conditions (5 % (w/w) PDMA in 44.5 mM TRIS, 44. Fig. 2 Effect of urea concentration and analysis temperature on CErRNA-SSCP analysis of cleavage products of C. violaceum and P. aeruginosa. Electropherograms shown illustrate the effect of a denaturant concentration, b synergistic effect of 3 M urea and temperature, and c synergistic effect of 5 M urea and temperature, on rRNA-SSCP resolution. Other electrophoresis condition was 5 % (w/w) PDMA in 44.5 mM TAPS, 44.5 mM Tris, and 1 mM EDTA (pH 8.5), 50 μm× 60.2 cm fused silica capillary. Injection procedure-a 100-mM TrisHCl (pH 7.5) plug was introduced hydrodyamically (12 psi for 0.5 min) followed by reversed polarity at 10 kV, 100 s injection of rRNA fragments in 20 μL deionized formamide. SSCP electrophoresis was carried out at reversed polarity at 250 V/cm at temperatures of 18, 25, and 35°C 1 mM EDTA (pH 8.45), 5 M urea, 18°C) to be the optimal conditions for CE-rRNA-SSCP analysis.
Relative quantification and repeatability
One of the advantages of the proposed method is the ability of CE-rRNA-SSCP to quantify rRNA. To establish the concentration range over which this was possible, the relative RNA abundance from a model microbial community was examined. Cell suspensions of exponential phase E. coli, P. aeruginosa, and C. violaceum were mixed to give a range of different ratios according to their approximate cell counts (E. coli / P. aeruginosa at 10:1, 5:1, 2.5:1, 1:1, 1:2.5, 1:5, and 1:10, with constant concentration of 1× C. violaceum in each mix). RNA was extracted from the mixed cell suspensions subjected to cleavage reaction and CE-rRNA-SSCP analysis of the fragments generated. Signal intensities were analyzed and the ratios of the respective dominant peak for each bacterial strain were plotted against the range of cell ratios. Experimentally determined rRNA signal intensity ratios correlated well with mixing ratios at a dynamic range of two orders of magnitude (r 2 00.987) (Fig. 3) . The repeatability was also investigated by performing analyses of five cleaved rRNA samples individually derived from a defined ratio mixed cell suspension (E. coli / P. aeruginosa/C. violaceum at 1:2.5:1). The average signal intensity ratios between P. aeruginosa and E. coli were analyzed and the percentage relative standard deviation was found to be 9.3 % (data not shown). Therefore, the repeatability of this new approach can be considered excellent.
CE-rRNA-SSCP resolution with high-diversity samples One of motivations for transferring the rRNA-SSCP to a capillary electrophoresis platform was the anticipation that CE would provide higher resolution analysis than gel electrophoresis. To assess the capacity of the CErRNA-SSCP method for higher resolution, four artificial communities were prepared consisting of cleaved rRNA from 5, 10, 15, and 20 different bacterial species (see Table S1 in the Electronic supplementary material) combined in equal amounts and subjected to analysis by CE-rRNA-SSCP. The results are shown in Fig. 4 where it can be seen that it is difficult to differentiate between the 15 and 20 member communities. Unfortunately, the developed method suffers the same limitation as described previously [19] , where the resolution to detect different species deteriorates with increasing complexity. To de-convolute co-migrated signals from high-diversity samples can be a laborious task. As a result, it has led us to conclude that the developed approach is mainly suitable for the analysis of samples where 15 phylotypes dominate the activity of microbial community. Although, this could be increased by implementation of a multicolor sequencer and the use of different color hybridization probes to target specific taxa.
Growth and metabolic activity monitoring study
To demonstrate an application of the developed method, CE-rRNA-SSCP was used to observe the shift in metabolic activity (rRNA) when a culture of E. coli and P. aeruginosa was subjected to a change from glucosedeficient to glucose-supplemented growth conditions. rRNA fragments of the two species were easily distinguished from one another by CE-rRNA-SSCP (Fig. 5c,  d ). This allowed assessment of the ability of CE-rRNA-SSCP to provide quantitative information on the relative rRNA levels of a low-diversity mixed culture relative to bacterial growth.
Cells counts showed that P. aeruginosa cell division did not occur without glucose (Fig. 5a ) and responded when a glucose pulse was administered (at 135 min). These were reflected by rRNA ratios of P. aeruginosa and E. coli through rRNA-SSCP analyses. The RNA signal from P. aeruginosa gradually increased and overtook E. coli only when growth conditions were shifted from glucose deficient to glucose supplemented (Fig. 5b, d ). This was expected because P. aeruginosa lacks the necessary enzymes to metabolize lactose whereas E. coli uses monosaccharide (glucose) or disaccharide (lactose) as the sole carbon source [40] .
In addition to generating a reliable fingerprint over time, we were able to detect shifts in rRNA level corresponding to their respective metabolic activity before the shift in activity was reflected by cell counts. Following the glucose pulse at 135 min (Fig. 5b) , the increase of P. aeruginosa RNA level was detected at 180 min whereas the effect on cell count was only reflected after 250 min. On the other hand, analysis
Cell number ratio Fig. 3 Correlation between observed signal intensity ratio and cell ratio result at 310 min (Fig. 5d) , the CE-rRNA-SSCP analysis showed that active P. aeruginosa had fivefold more rRNA than E. coli based on the signal intensity ratio. However, the cell counts at this point (Fig. 5b) were lower than E. coli. As the rRNA content of a microorganism approximately proportional to growth rate [41, 42] , we believe that the observed discrepancy of E. coli rRNA level with the relative cell abundance may be attributed to the onset of rRNA synthesis down regulation [43] [44] [45] . Fig. 4 CE-rRNA-SSCP analyses of four different artificial communities after cleavage. a Five-species mix, b ten-species mix; c fifteenspecies mix, and d twentyspecies mix. Electrophoresis conditions as described in Fig. 2 Concluding remarks
To the best of our knowledge, this study is the first description of a CE-based, PCR-free rRNA fingerprint approach that involves conformational separation of cleaved 16S rRNA fragments of equal length (∼340 nucleotides). The developed approach allowed us to describe species-specific rRNA fragment signal profiles for the very first time. rRNA SSCP analysis was significantly improved from a gel-based system on the ease and medium throughput of CE. Further experiments are currently underway to extend the method to be suitable for characterizing high-diversity microbial community. The high sensitivity of CE-LIF was advantageous enabling us to scale down the sample requirement (from 2 μg for the gel to 200 ng total RNA for the CE). Additionally, purification of 16S rRNA from the total rRNA was no longer required with the specific detection via the hybridization probe. As the rRNA-SSCP approach is PCR free, it does not suffer from amplification bias commonly associated with PCR-based profiling techniques. The quantitative capability of the CE-rRNA-SSCP approach for providing relative RNA abundance information for microbial communities was demonstrated by the metabolic activity shift assay. This work was carried out on a low throughput single capillary CE with dual color fluorescence (hybridization probe and internal standard). A multi-capillary DNA sequencer would allow high throughput and multiplex analyses by incorporating several taxa-specific probes to distinguish different organisms.
